Ionospheric plasma density structures associated with magnetopause motion: a case study using the Cluster spacecraft and the EISCAT Svalbard Radar by F. Pitout et al.
Annales Geophysicae (2004) 22: 2369–2379
SRef-ID: 1432-0576/ag/2004-22-2369
© European Geosciences Union 2004
Annales
Geophysicae
Ionospheric plasma density structures associated with
magnetopause motion: a case study using the Cluster spacecraft and
the EISCAT Svalbard Radar
F. Pitout1, C. P. Escoubet1, and E. A. Lucek2
1European Space Agency, Research and Scientiﬁc Support Department, Solar and Solar-Terrestrial Missions Division,
Keplerlaan 1, 2201 AZ Noordwijk, The Netherlands
2Imperial College, Space and Atmospheric Physics Group, Prince Consort Road, London, SW7 2BZ, UK
Received: 15 October 2003 – Revised: 29 March 2004 – Accepted: 16 April 2004 – Published: 14 July 2004
Part of Special Issue “Spatio-temporal analysis and multipoint measurements in space”
Abstract. On 5 January 2003, the footprint of the Clus-
ter spacecraft, then orbiting in the dayside magnetosphere
near the magnetopause, was in the close vicinity of the EIS-
CAT Svalbard Radar (ESR) in the dayside afternoon sec-
tor. This conﬁguration made possible the study of the mag-
netopause motion and its direct consequences on the iono-
spheric plasma at high latitude. Cluster observed multiple
magnetopause crossings despite its high latitude, while on
the ground the magnetic activity was very low, whereas the
ionospheric plasma sounded by the ESR exhibited poleward
moving plasma density structures. In this paper, we compare
the satellite and radar data, in order to show that the plasma
density structures are directly related to the magnetopause
motion and its associated pulsed ionospheric ﬂow. We pro-
pose that the variations in electric ﬁeld make the convection
velocity vary enough to alter the electron population by ac-
celerating the chemistry in the F-region and act as a source
of electron depletion. The magnetopause motion is in this
case, a source of plasma density structures in the polar day-
side ionosphere.
Key words. Magnetospheric physics (magnetopause, cusp,
arid boundary layers, magnetosphere-ionosphere interac-
tions) – Ionosphere (ionospheric disturbances)
1 Introduction
1.1 Polar patches
Polar patches in the high-latitude dayside ionosphere are
commonly deﬁned as regions of enhanced electron density
compared to the “background” density. Yet interestingly
enough, they are most of the time produced by depletion of
the electron population concentration in their surroundings.
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Let us summarize quickly the main mechanisms that have
been proposed so far to explain their formation.
Pulsed reconnection is one of the main sources of po-
lar patches. This process may act in two different ways.
To understand these, we need to describe a little bit the
consequences of pulsed reconnection on the dayside polar
ionosphere and in the ionospheric cusp. After reconnec-
tion between interplanetary magnetic ﬁeld lines and magne-
tospheric ﬁeld lines, newly-reconnected open ﬁeld lines will
move quickly eastward or westward (depending on IMF By)
under the magnetic tension force, and then tend to move anti-
sunward, dragged by the solar wind. At the ionospheric foot-
print of these ﬁeld lines, there are therefore two main pro-
cesses acting against each other. On the one hand, magne-
tosheath electron precipitation leads to a slow builtup of the
electron density in the ionosphere (Whitteker, 1977). On the
other hand, the same reconnected ﬂux tube undergoes fast
convection that favors ion frictional heating and thus, elec-
tron depletion (Schunk et al., 1975). The combined effect
of the electron precipitation and convection has been stud-
ied by Pitout and Blelly (2003) and was shown to depend
on the origin of the ﬂux tube and on the electric ﬁeld ampli-
tude. In fact, pulsed reconnection may yield polar patches
by either increasing or decreasing the electron density in the
ionospheric F-region.
Pulsed reconnection has also an indirect effect that is also
thought to produce polar patches. Each burst of dayside re-
connection would be able to chop the solar insolated tongue
of ionization and allow some high-density cold plasma to get
into and drift across the polar cap (Lockwood and Carlsson,
1992).
A similar idea was proposed by Rodger et al. (1994). Ac-
cording to these authors, zonal ﬂow changes in the iono-
spheric convection due to variations in the y-component of
the IMF could also lead to polar patch formation by bringing
high-density plasma from the afternoon sunlit ionosphere for
intervals when IMF By is positive.2370 F. Pitout et al.: Ionospheric effects of magnetopause motion
Fig. 1. Geotail data from CPI and MGF with, from top to bottom,
the solar wind dynamic pressure, the solar wind density, the solar
wind bulk velocity, and the three components of the interplanetary
magnetic ﬁeld in the GSE coordinate system.
Another explanation recently proposed is the inﬂuence of
traveling convection vortices (TCV) on the ionosphere. The
region between two vortices, where the plasma ﬂow is fast,
favors ion frictional heating and consequently, would act as
a source of electron depletion (Valladares et al., 1999).
All in all, it appears that periodic or pseudo-periodic vari-
ations of precipitation and/or convection electric ﬁeld may
potentially lead to the formation of density structures in the
polar ionosphere. Besides, one of the common character-
istics of polar patches (see a summary of characteristics by
Rodger et al., 1994) is that they are observed when the IMF
is southward (Bz negative). We report in this paper observa-
tion of polar patches under slightly northward and strongly
dawnward IMF. These features lead us to consider another
possibility: the patch formation by ULF waves.
1.2 ULF waves
The ionospheric response to ultra low-frequency (ULF)
waves is obvious in ground magnetometer data and these in-
struments are widely used to study the waves (e.g. Mathie et
al., 1999 and references therein). Nevertheless, ULF waves
have also strong effects on the ionospheric plasma. Coher-
ent radar observations show that the periodic electric ﬁeld
associated to ULF waves yields a pulsed ionospheric ﬂow
(Ruohoniemi et al., 1991). Using the EISCAT incoherent
radars, Lester et al. (2000) have observed periodic variations
of all plasma parameters at auroral latitudes, including the
electron density associated with Pc5 ULF waves. Similar
observations at higher latitudes were also reported by Pitout
et al. (2003), although the response of the electron density
was far from clear in this case. Nevertheless, to the authors’
knowledge, no connection between polar patches and ULF
waves has been suggested previously.
2 Observations
2.1 Interplanetary magnetic ﬁeld and solar wind
The Geotail satellite has been used to monitor the exter-
nal conditions on 5 January 2003. On that day, the space-
craft was ﬂying in the solar wind, not too far from the bow
shock (XGSE=+18RE, YGSE=−20RE, ZGSE=+3RE).
Figure 1 shows magnetic and particle data from the MGF
and CPI instruments, respectively, with, from top to bottom,
the solar wind dynamic pressure, the proton density, the bulk
plasma velocity, and the three Cartesian components of the
IMF in GSE.
Over the time interval of interest, that is 10:00–14:00 UT,
the proton density is about 6cm−3 and exhibits rapid but
weak amplitude variations (+/−1cm−3). The solar wind
speed ranges from 400 up to 480km/s. The resulting solar
wind dynamic pressure has a mean value of 2nPa, which is
quite common. To be noted, a slight increase in solar wind
pressure occurs at ∼11:15 UT.
The IMF, shown in the three last panels of Fig. 1, is a pri-
ori not favorable for strong and effective coupling between
the solar wind and the magnetosphere. As a matter of fact,
IMF Bz is stable between 0 and +2nT over our time interval
of interest (11:00–12:00 UT). The Y-component is strongly
negative around −6nT, giving a clock angle close to 90◦.
The IMF reaches therefore the magnetosphere almost hori-
zontally. Interestingly enough, the X-component of the IMF
follows nearly the same trend as the solar wind bulk velocity.
2.2 CLUSTER
On 5 January 2003, the CLUSTER spacecraft (Escoubet et
al., 2001) were ﬂying in the dusk sector of the dayside mag-
netosphere at XGSE∼2RE, YGSE∼10RE, ZGSE∼7RE.
The resulting distance to the Earth is about 12RE. The satel-
lites were therefore in a good position to ﬂy near the mag-
netopause. They indeed encountered the magnetopause be-
tween ∼11:30 and 14:00 UT, a time interval over which the
CIS (R` eme et al., 2001) and FGM (Balogh et al., 2001) in-
struments on board display characteristics of what looks like
either multiple magnetopause crossings or multiple magne-
tosheath plasma injections.F. Pitout et al.: Ionospheric effects of magnetopause motion 2371
Fig. 2. CIS-CODIF data on board Cluster (S/C 1). From top to bottom are shown the proton density, a proton energy spectrogram, the proton
temperature, and the three components of the proton velocity in GSE.
Figure 2 shows CIS-CODIF data for protons from S/C 1
between 11:00 and 14:00 UT. From top to bottom are dis-
played the density, an energy spectrogram, the total temper-
ature, and the three GSE-components of the velocity. Three
time intervals, corresponding to three different regions, can
be identiﬁed.
Before 11:30 UT, only high-energy ions are recorded and
the density is very low. This corresponds to trapped particles
on closed magnetospheric ﬁeld lines (dayside plasma sheet).
After 13:45 UT, no more high-energy ions are recorded,
the ion temperature is lower than 1keV. Besides, the density
is around 10–12cm−3, which is about twice as much as in
the solar wind and the velocity is strongly anti-sunward and
duskward. All this is consistent with a spacecraft being in
the dusk-side magnetosheath.
More interestingly for our study, the time period be-
tween 11:30 and 13:45 UT corresponds to the transition
from the magnetosphere to the magnetosheath. Regions of2372 F. Pitout et al.: Ionospheric effects of magnetopause motion
Fig. 3. Ionospheric footprint of the Cluster spacecraft. The line-of-
sight of the EISCAT Svalbard Radar is in red. The colored lines are
the iso-potential lines, and 22 and −25 are the electrical potentials
of the morning and afternoon cells, respectively, as predicted by the
Weimer-96 model.
lower-energy ions of magnetosheath origin are at times ob-
served along with a more or less clear absence of high-energy
magnetospheric ion population. We will have to analyze
Cluster data in more detail, in order to ﬁnd out whether those
structures correspond to magnetosheath plasma injections or
to magnetopause crossings. Furthermore, it has to be noticed
that neither the density nor the temperature reaches magne-
tosheath values during those events. In addition, in the en-
ergy spectrogram, we cannot see the very low energy pro-
tons in those structures and in fact, the lower energy detected
decreases as the satellites got closer and closer to the mag-
netosheath. This suggests that the ﬁrst structures are rather
boundary layer/magnetopause encounters, rather than actual
magnetopause crossings.
There are obviously differences between the satellites as
they are not at the same distance from the magnetopause. To
understand Cluster observations, one should keep in mind
that S/C 4 is the closest to the magnetopause, S/C 3 is the
furthest, and S/C 1 is in an intermediate position.
2.3 EISCAT Svalbard Radar
As Fig. 3 shows, the footprint of the Cluster constellation
passes near the ESR on 5 January 2003 between 11:00 and
13:00 UT. The ESR (R¨ ottger et al., 1995) is the latest radar
of the European Incoherent SCATter scientiﬁc organization.
The facility comprises two dishes: a 32-m dish that is fully
steerable in elevation and azimuth, and a 42-m dish that
is ﬁxed and pointing along the local magnetic ﬁeld. On 5
January 2003, the steerable antenna was operated in the so-
called “Cluster mode”. It was pointing toward the magnetic
pole (azimuth −24◦) and at low elevation (30◦). This mode
is particularly suitable to comparative Cluster/ESR studies
(Lockwood and Opgenoorth, 1995).
Figure 4 displays the data recorded by the 32-m dish be-
tween 10:00 and 14:00 UT. The four panels show, from top
to bottom, the electron density, the electron temperature, the
ion temperature, and the ion velocity along the line of sight
as functions of magnetic latitude and universal time. The
ESR system sounds reasonably well the ionosphere between
90 and 800km in range along the ﬁeld of view. At 30◦ ele-
vation, those ranges correspond to 50 and 600km of altitude
approximately. Since the dish was pointing at low elevation,
the ion velocity measured gives a good indication of the con-
vection velocity.
The electron density panel shows plasma structures pro-
gressing northward between 10:30 and 13:00 UT. The den-
sity within those structures reachs 5×1011 m−3 while the
background density is at least an order of magnitude less.
It has to be noted, however, that those do not look well de-
ﬁned and structured compared to typical structures created
by pulsed reconnection that would progress gently poleward.
The authors admit that this is a very qualitative observational
fact, but we shall see later that it has its importance.
The electron temperature panel shows regions of enhanced
temperature (∼2000K) compared to the background elec-
tron temperature (∼1200K). This suggests that weak spo-
radic precipitation occurs or/and ﬁeld-aligned currents ﬂow.
Thethirdpanelalsoshowspolewardmovingregionsofen-
hanced ion temperature (exceeding 3000K) while the back-
ground temperature is around 1500K.
The fourth and last panel on Fig. 4 displays the very pecu-
liar behavior of the ionospheric plasma on that day. Between
around 10:40 and 12:30 UT, the convection velocity exhibits
a pulsed behavior with both positive (poleward motion) and
negative (equatorward motion) values successively, ranging
from −200m/s to 400m/s, typically. We remind the reader
that such plasma velocities correspond to electric ﬁelds of
10mV/m (westward) and 20mV/m (eastward), respectively.
This is clearly observed in the latitude range from 77 to
79.5◦ MLAT. This signature is quite different than that of
pulsed reconnection. Such strong equatorward ﬂows are def-
initely not expected in the case of reconnection. It does, how-
ever, look like the response to ULF waves as reported, for
instance, by Ruohoniemi et al. (1991). The periodic electric
ﬁeld associated with the wave was observed to yield pulsed
ﬂow very similar to these observed here.
The phase velocity of the density structures can be es-
timated by measuring their slopes in the electron density
(top panel). This method leads to values between 300 and
500m/s, which is consistent with the velocities measured
(bottom panel).
We should point out that there is very little activity in
the data from the ESR ﬁeld-aligned antenna. This suggests
that the ionosphere reacts mainly at latitudes higher than
75◦ MLAT.F. Pitout et al.: Ionospheric effects of magnetopause motion 2373
Fig. 4. Four ionospheric parameters as measured by the ESR-32m antenna as functions of magnetic latitude and universal time.
2.4 IMAGE data
The IMAGE magnetometer network lies across Scandinavia
from Tartu, Estonia (54◦47CGM latitude) to Ny ˚ Alesund,
Svalbard (75◦25CGM latitude). Figures 5 and 6 display,
respectively, stack plots of the X- and Y-components of
the ground magnetic ﬁeld from the eight northernmost sta-
tions. Let us remind the reader that a positive deviation in
the X-component is equivalent to an eastward current (or
westward convection), whereas a positive deviation of the Y-
component is equivalent to a equatorward current (or pole-
ward convection), provided, of course, that the base line (de-
viation 0) is set properly.
The stations installed on the Svalbard archipelago (NAL,
LYR, HOR and HOP) show some wave packets between
11:00 and 12:30 UT. They are observed both in X- and
Y-components and are seen to propagate northward in the
X-component (phase effect). We should point out that the
amplitude of those waves is very weak, a few tens of nT at
most. Interestingly enough, there is no or very little coun-
terpart at lower latitudes. It seems that IMAGE magnetome-
ters only record the southern edge of the wave activity. At
last, the X-component gives us a valuable indication on the
zonalconvection. Althoughthiscomponentispredominantly
negative (eastward convection) before 12:00 UT, its value is
weak. This suggests that these observations are not made2374 F. Pitout et al.: Ionospheric effects of magnetopause motion
Fig. 5. X-component of the ground magnetic ﬁeld as measured by a
few selected IMAGE stations (with the northernmost station on top
and the southernmost station at the bottom).
on open ﬁeld lines (weak convection), therefore, not in the
eastward ﬂow channel expected for such IMF conditions and
predicted by the Weiner model (Fig. 3).
3 Data analysis and interpretation
3.1 Cluster data analysis
The prevailing dawnward IMF (Fig. 1) is a priori not favor-
able for having reconnection in the dusk sector of the North-
ern Hemisphere. Indeed, reconnection is expected to occur
in the morning sector of the Northern Hemisphere for neg-
ative IMF By (Crooker, 1988). In order to ﬁnd out whether
the magnetosheath plasma sporadically observed by Cluster-
CIS is or is not due to reconnection, we have at our disposal
a series of tests.
First of all, we can search the normal vector coordinates.
It has been shown that reconnection events commonly have a
characteristic signature in magnetic ﬁeld data: a bipolar be-
havior of the component normal to the magnetopause. The
minimum variance analysis technique (Sonnerup and Cahill,
1967; Sonnerup and Schieble, 1997) has been performed on
magnetic ﬁeld data from the FGM instrument on board Clus-
Fig. 6. Y-component of the ground magnetic ﬁeld as measured by a
few selected IMAGE stations (with the northernmost station on top
and the southernmost station at the bottom).
ter, in order to calculate the vector normal to the magne-
topause. The method determines that direction along which
the quantity

B(m)·ˆ n
	
has minimum variance. We use M data
points indexed by (m). In other words, ˆ n is determined by
minimizing:
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Once ˆ n is found, we can project the magnetic ﬁeld on the
boundary normal coordinate system (L, M, N). The result is
shown in Fig. 7, which shows, from top to bottom, the X-,
Y-, and Z-components of the magnetic ﬁeld in the GSE co-
ordinate system, followed by the L-, M- and N-components
in the boundary normal coordinate system. No bipolar sig-
natures are visible in the component normal to the magne-
topause (N-component). A doubt remains however. As a
matter of fact, Owens et al. (2003) have reported clear FTEs
that have no bipolar signature in the magnetic ﬁeld data.
The next step is to ﬁnd out whether a deHoffmann-Teller
(dHT) frame exists. In such a frame, the electric ﬁeld E’
vanishes:
E0 = E + VHT × B = 0.F. Pitout et al.: Ionospheric effects of magnetopause motion 2375
Fig. 7. Magnetic ﬁeld as measured by Cluster-FGM on board S/C 4
with, from top to bottom, the three GSE components and the three
LMN components.
The existence of such a frame would imply that the magnetic
ﬁeld structure is stationary in that frame. The velocity of the
dHT frame can be determined from experimental data by the
method of minimization of residual electric ﬁeld (Khrabrov
and Sonnerup, 1997). In practice, one has to ﬁnd the velocity
V that minimizes the quantity:
D(V) =
1
M
M X
m=1

 E
0(m)

 
2
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
× B(m)
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We have performed this technique on several structures
corresponding to magnetosheath plasma observations. We
have plotted the two electric ﬁelds E(m)=v(m)×B(m) and
E
(m)
HT=VHT×B(m) against each other (not shown). Despite
the poor correlation coefﬁcient due to a substantial scattering
of the data points, it seems that a slope close to 1 is found in
each case. This would suggest that a dHT frame does exist
for each one of the structures. Nonetheless, as mentioned,
the weak correlation coefﬁcient casts doubt on the validity of
this test and consequently, on the actual existence of a dHT
frame.
The last step is the veriﬁcation of the Wal´ en test. If the
structures are of reconnection origin, then they should be
Table 1. Angles between normal to boundary at exit and entry for
the selected 5 events.
Event # Exit and reentry timing Angle between normal
(hh:mm:ss) vectors (◦)
1 11:39:33–11:40:08 14.9
2 11:54:52–11:55:53 (?) 41.5
3 12:06:22–12:07:12 6.5
4 12:21:20–12:22:12 17.6
5 12:29:19–12:31:41 (?) 62
moving at Alfv´ en speed in the dHT frame (Khrabrov and
Sonnerup, 1997):
v(m) − VHT = ±V
(m)
A = ±
B(m)
p
µ0ρ(m).
For all events, the Wal´ en scatter plots of the plasma veloc-
ity in the dHT frame (v(m)−VHT) versus the correspond-
ing components of the Alfv´ en velocity V
(m)
A reveal slopes
of about 0.2. The plasma in the dHT frame clearly does not
move at Alfv´ en speed.
A ﬁrst conclusion to this data analysis is that, since the
plasma does not ﬂow at Alfv´ en speed in the dHT frame, we
are not in the presence of rotational discontinuities. Those
structures do not therefore originate from reconnection. The
alternative possibility is that the Cluster spacecraft encoun-
tered the magnetopause at several occasions due to a global
motion of the layer or/and a distortion of the layer’s surface
by some surface waves.
In order to determine the magnetopause motion, we have
calculated the angle between the normal vectors to the
boundary for selected crossings, that is, for the exit and the
corresponding reentry. The method used was the MVA, de-
scribed above. The idea is the following. If the angle be-
tween the two normal vectors is small, ideally zero (in fact
180◦), it means that the magnetopause acts as a planar sur-
face passing back and forth over the spacecraft. If the normal
vectors are different, then a surface wave may be the cause
of the crossings (Owen et al., 2003). In our case, we have
found very small angles (see Table 1), except for events 2
and 5 for which the boundaries are not clearly deﬁned. These
small angles do suggest that the magnetopause has an in-out
breathing motion rather than a surface wave traveling along
its ﬂanks. Besides, a surface wave would imply typical fre-
quencies in the boundary crossings. No such frequencies are
observed in this case.
3.2 ESR data analysis
Radar data do not need so much analysis besides the anal-
ysis done by the GUISDAP analysis package (Lehtinen and
Huuskonen, 1996) to extract the plasma parameters from the2376 F. Pitout et al.: Ionospheric effects of magnetopause motion
Fig. 8. Space-ground correlation. The three upper panels show
CIS ion spectrograms from S/C4 (CODIF), S/C1 (HIA), and S/C3
(CODIF). The four following panels show time series of iono-
spheric plasma parameters, as measured by the ESR-32m, averaged
between 170 and 260km.
raw data. However, we have noticed signiﬁcant differences
between data taken at neighboring ranges (or latitudes), very
likely due to some noise. In the forthcoming discussion,
we have thus decided to average the data between 78 and
79◦ MLAT, in order to avoid or at least to minimize those
deviations. In terms of altitude, this means that we average
between about 170 and 260km (F-region).
3.3 Space-ground correlations
Let us look closely at the correlations between the ob-
servations made by Cluster and the ESR. When Clus-
ter is relatively more inside the magnetosphere, it is easy
to imagine that the incursions it does in the boundary
layer/magnetopause or in the magnetosheath correspond to
large amplitude displacements of the magnetopause (what-
ever the cause). We can also reasonably foresee that those
large amplitude displacements will have dominant effects on
the ionosphere. By using the multi-point capability of Clus-
ter, we have therefore two complementary ways of tracking
large amplitude displacements. First, if S/C 1 and S/C 4,
which are closer to the magnetopause, fully cross the magne-
topause, then there should be a cutoff in the high-energy ions
as measured by CIS. Second, being more inside the magne-
tosphere, S/C 3 should be able to detect magnetosheath ions
only for the larger magnetopause displacements. We have
used jointly these two criteria to identify the magnetopause
crossings where we expect to have a measurable effect on the
ionosphere plasma and ﬁelds.
Figure 8 shows, from top to bottom, ion spectrograms
from S/C 4, S/C 1, and S/C 3, as well as time series of the
four averaged plasma parameters as measured by the ESR
(see Sect. 3.2). We have marked and numbered 5 events be-
tween11:00and12:30UT,asfollows: 1, 2, 3, 4, 5at∼11:40,
∼11:55, 12:05, 12:20 and 12:30 UT respectively. It appears
clearly that each inward motion of the magnetopause triggers
sunward ionospheric ﬂows or at least decreases the convec-
tion velocity, allowing plus or minus a couple of minutes for
propagation and for errors due to the post-integration time
(128s) of the ESR data.
Thetwoﬁrsteventsofsunwardionosphericﬂowsrecorded
by the ESR at ∼11:05 and 11:20 UT (marked by black ar-
rows in Fig. 8) are very likely due to the magnetopause mo-
tion as well. Cluster was probably not close enough to the
magnetopause to encounter it and therefore unable to moni-
tor its displacement. As a matter of fact, by looking closely
at the solar wind data (Fig. 1), it would be more exact to
state that it was the magnetopause that was not close enough
to the satellites. A non-moving magnetopause should have
been encountered gradually by each satellite depending on
their respective distance to the layer. On the contrary, the
satellites have their ﬁrst encounter with the magnetopause
shortly after 11:30 UT suggesting that the magnetopause ac-
tually moves over them. Figure 1 does reveal that the solar
wind dynamic pressure increased from 2 to 3nP at around
11:15 UT. It makes sense to think that this yielded a small
compression of the magnetopause.
We also ﬁnd wave-like patterns in the ground magne-
tograms, suggesting that the information travels by means of
ULF waves.
4 Discussion
To summarize, we have observed ionospheric density struc-
tures near the footprint of the Cluster spacecraft, which ob-
served non-tangential discontinuity at the magnetopause (no
injections).
The magnetosheath plasma that Cluster observes does not,
as we showed, correspond to injections. The only alternative
is that the magnetopause moved over the satellite in one way
or another (surface waves, magnetopause motion, or both).
In any event, the magnetic signature on the ground is a ULF
wave signature.F. Pitout et al.: Ionospheric effects of magnetopause motion 2377
Fig. 9. Correlation coefﬁcients between paired ionospheric parameters versus altitude.
Figure 8 shows, in its lower part, the time series of
the ionospheric plasma parameters as recorded by the ESR
around 78◦ MLAT. We have numbered ﬁve events corre-
sponding to reversed (sunward) convection and identiﬁed
two more. These ﬁve events are also clearly identiﬁed in
Cluster-CIS data from all 3 satellites.
This surprising correlation suggests that the pulsed iono-
spheric ﬂow is a response to the magnetopause motion. This
would suggest, in turn, that the density structures are pro-
duced locally by particle precipitation (electron temperature
high) and/or by electron density depletion due to fast ﬂow.
On the other hand, it has to be noted that the electron temper-
ature is much lower than the ion temperature. This suggests
that electron precipitation is very weak and that the chem-
istry is ruled by the ions temperature and consequently, by
the convection.
However, we would like to discuss a possibility that has
crossed the authors’ mind. The plasma patches could have
been created elsewhere and they would have drifted towards
the ﬁeld of view of the radar. We already mentioned that the
IMF is not quite favorable to effective coupling between the
solar wind and the magnetosphere. In addition, if reconnec-
tion takes place under strong IMF By (Crooker, 1988), then
it should be in the morning sector according to the IMF ori-
entation. Could the plasma structures observed have been
produced by reconnection in the morning sector? In princi-
ple, yes. Strong zonal ﬂow channels under northward and
By-dominated IMF have been already observed (e.g. Nils-
son et al., 1997). As matter of fact, in our case, iso-contours
of electric potential in Fig. 3 clearly show that the cusp re-
gion is in the afternoon sector and that the convection is east-
ward. What the waves would have done then would have
been to alter, so to say, the plasma structures already ex-
isting. In this case, though, the plasma structures should
be clear and unaltered in the very high-latitude ionosphere
(above 80◦ MLAT).
In order to attempt to solve this problem, we have com-
pared the correlation between four pairs of ionospheric pa-
rameters for each altitude/latitude. Figure 9 shows corre-
lation coefﬁcients between paired ionospheric parameters
as measured by the ESR: NeP-Te, Ne-Ti, Ne−|Vi|, and
Ti−|Vi| (respectively, from left to right) as a function of al-
titude.
The correlation between electron density and temperature
is positive and high when precipitation occurs: precipitating
electrons warm up the ionosphere and contribute to increase
the density. The ﬁrst panel (from left) in Fig. 9 shows that the
correlation coefﬁcient between Ne and Te ﬂuctuates around
0.5, which is not very high. This indicates that the two pa-
rameters are linked to each other but that the precipitation is
not the only process that affects the electron density.
The electron density and the ion temperature are generally
anti-correlated. A high ion temperature enhances frictional
heating that, in turn, modiﬁes the chemistry in the ionosphere
and tends to deplete the electron population (Schunk et al.,
1975). This is well observed in the second panel of Fig. 9,
up to ∼270km of altitude. This is not an altitude affect, as
ion temperature enhancements (due to strong convection) af-
fect the whole altitude range. This must be a latitude effect.
Indeed, we saw earlier that the wavy ionospheric convection
patternwasobservedupto79.5◦ MLAT,whichpreciselycor-
responds to an altitude of 260km. Therefore, as already sus-
pected, Ti comes into play locally in the formation of density
structures.2378 F. Pitout et al.: Ionospheric effects of magnetopause motion
When it comes to Vi, it is much more difﬁcult to compare
it with the other parameters, as Vi, as measured by the ESR,
is only one component of the convection velocity. Besides,
it is not straightforward to link Vi and Ti, for instance, as Ti
is not sensitive to the velocity itself, nor to its amplitude, but
to the differential velocity between ions and neutrals. Since
we have no measurement of the neutral wind, it would be
illusive to want to draw any conclusion. However, we have
tried to compare |Vi| with Ne and Ti (third and fourth panels
from left in Fig. 9). The correlation between Ne and |Vi|
appears to be weakly negative up to 200km. This suggests
that convection does affect the electron density, as already
evoked, by warming up the ion temperature and depleting the
electron population (negative correlation means that a high
velocity induces a low density). The last panel, which shows
that the ion velocity and temperature are positively correlated
up to about 200km conﬁrms this.
One event remains puzzling. The sunward ﬂow event
around 12:15 UT seen in ESR data has a counterpart in CIS
data only from S/C4 and 1. Since almost nothing is de-
tected on S/C 3 (in fact, there is a faint and brief detection of
magnetosheath-like plasma by HIA), more inside the magne-
tosphere, this suggests that the magnetopause motion respon-
sible for this event has a relatively small amplitude. Yet, it is
the strongest sunward ﬂow velocity measured over the whole
time interval. There are several explanations for this event.
The ﬁrst is a corrupted ESR data point. More optimistically,
it may also be an inner ionospheric process that would not
have anything to do with the magnetopause. Alternatively,
could a fast but small-amplitude inward motion of the mag-
netopause give birth to such a ground signature? This would
mean that the ionospheric ﬂow is sensitive to the speed of the
magnetopause motion, rather than its amplitude. This should
be investigated in the future.
At last, we would like to emphasize that the latitude foot-
print of Cluster given by the Tsyganenko model T96 (OVT
plot, Fig. 3) must be underestimated. Indeed, the good cor-
relation between ESR and Cluster means that they observe
the same phenomenon, which does not seem to have any ef-
fect at the latitudes given by T96 as the footprint of Cluster.
The actual footprint of the spacecraft must then be at higher
latitude. This is conﬁrmed by the fact that the IMAGE mag-
netometers record small amplitude waves at ESR latitude and
that the ﬁeld-aligned antenna (data not shown) show very lit-
tle activity as well.
5 Conclusion
Polar patches in the polar ionosphere have been observed for
many decades and several processes were proposed to ex-
plain their formation. In this paper, we have reported a pe-
culiar case of observations of ionospheric density structures
in the polar cap. The analysis of both ESR and Cluster data
suggest that another process may exist, namely the formation
of density structures by pulsed ionospheric ﬂows associated
to ULF waves. In our case, it is unfortunate that the magne-
topause activity is monitored by Cluster only from 11:30 UT
onward, because the activity on the ground started much ear-
lier. However, the time interval we have studied was very
interesting and allowed us to draw a few conclusions. The
electron density recorded by the ESR exhibits structures of
enhanced density while the ﬂow pattern is very similar to that
observed for ULF wave activity. The patches appear to be, if
not locally produced, at least locally reshaped or altered by
the varying convection velocity. Comparisons of Cluster and
ground data showed that the ionospheric activity is tightly
related to the magnetopause motion. Cluster data analysis
allowed us to determine that the movement of the magne-
topause is an in-out breathing rather than displacements re-
lated to magnetic reconnection or surface waves traveling
along its ﬂank. The identiﬁed sunward ionospheric ﬂow
events associated with plasma depletion regions correspond
to inward displacements of the magnetopause.
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